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Radio frequency arraying of several receiving systems provides signal-to-noise ratio
improvement relative to a single receiving system. This report considers radio frequency
carrier arraying which provides near maximum signal-to-noise ratio improvement for

carrier reception and demodulation,

I. Introduction

An earlier report (“Radio Frequency Carrier Arraying for
High Rate Telemetry Reception,” Ref. 1) presented a method
for obtaining adequate radio frequency carrier signal-to-noise
ratio improvement for high-rate telemetry reception by array-
ing receiving systems or stations. This report considers RF
carrier arraying of receiving systems or stations to provide near
maximum improvement in carrier signal-to-noise ratio for
coherent RF carrier reception and RF carrier demodulation
which is applicable to low-rate telemetry with its attendant
smaller RF carrier margin. This RF carrier signal-to-noise ratio
improvement (achieved by arraying) provides a corresponding
improvement in minimum RF carrier level for radio metric
tracking (e.g., doppler and ranging) relative to a single receiv-
ing system or station.

Il. Receiver Configuration

Figure 1 illustrates the method for achieving RF carrier
arraying for near maximum carrier signal-to-noise ratio
improvement. Two receivin'g systems are shown to illustrate
the concept. However, additional receiving systems can be

added to expand the signal-to-noise improvement capability
for RF carrier arraying. In addition, each receiving system can
be fed from its own antenna. The concept shown in Fig. 1 is
similar to that presented for high-rate telemetry reception
(Ref. 1), with some additions to the block diagram which will
be discussed later in this report. The following discussion of
the input signal(s), which was presented in Ref. 1, is included
here for clarification. The input signal to NV receiving systems
or stations is a radio frequency signal (cos wgpt) phase-
modulated with telemetry and/or a ranging waveform. Con-
sider, as an example, the case for telemetry where the RF
carrier is phase-modulated with a square-wave subcarrier (Cos
W, t) at a peak modulation index m, ;, that is in turn, biphase-
modulated with data D(¢). Refer to Fig. 1 during the following
development. The signal at the input to the low noise amplifier
in receiving system 1 is

1/2
271%A4,(2) cos
(wpptt8,+D(E+T,)" m,p * Cos (w, tt 9sc“)]
+n,(0) (1a)
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For a binary modulation waveform, the carrier component
becomes

2”2A1(t) * cosm, , cos (Wppttt;)

D

The sideband component becomes
+21/2A1(t) sinm,, * D(t+71,)Los(w,t+ 0“1‘1)

= sin (wp ot t 0,,)

(1b)
and the noise component is 1., (¢).

For receiving system 2, the corresponding input signal is

1/2 . 1/2
2t/ A,() cosm, , cos (wp pt +0,,+2174,(0)

ssinm D +7,)  Cos (Wt +64c,,)
- sin (wRFt + 01.2) + nn(t) . (2)

The other N-2 receiving systems will have corresponding
input signals. Since antenna 1 and antenna 2 are separate
antennas, physically separated, the phase shift on the RF
carrier (8;,) and square wave subcarrier (6.;,) and the group
delay on the data (7;,) in receiving system 2 are different from
the corresponding phase shifts and modulation group delay in
receiving system 1. In general, the differences in RF carrier
phase shift (8;, ~ 0;,), subcarrier phase shift (65c,, - Osc;p)
and modulation group delay (7, - 7;;) will vary with time
during a station pass. The above applies in general to all ¥
receiving systems. The terms n;,(f), n;,(f), etc. represent a
combination of galactic noise, atmospheric noise, noise in the
antenna sidelobes due to the Earth, noise due to losses in
microwave reflectors, and noise due to losses in microwave
components all lumped with noise due to input amplifier(s).
This combined noise is measured relative to reference tempera-
ture load(s) connected to the amplifier input (during the
measurement) and designated as the operating equivalent
system temperature Typ,, Top,, etc. The noise term n (1)
has a double-sided noise spectral density N /2=
(kTop, * 1)/2 watts/Hz, where k is Boltzmann’s constant,
1.38 - 10723 joule/K. The noise terms n;,(¢), etc. have noise
spectral densities related to T, pos EtC. s above.

As described in Ref. 1, the first local oscillator signal,

which is derived from a voltage-controlled oscillator (VCO)
through a frequency multiplier (XM), is:

100

~

2172 cos(w; , t+0,p) 3)

at the first mixer in receiving system 1. The term ) R TEPrE-
sents a noisy estimate of the input signal phase to the first
mixer. Note that this first local oscillator signal (expression 3)
is also applied to the first mixers of the other receiving
systems. In particular, this local oscillator signal will experi-
ence an additional phase shift of Y, - 2n+6, to the first
mixer of receiving system 2 where Y, is an integer (a large
integer for separate antennas). As a consequence, the first local
oscillator signal (receiving system 2) becomes:

2112 cos(wLot+§RF+62) @)

For receiving system &, the additional first local oscillator
phase shift is Y, « 27 + 0y, which provides a local oscillator
signal 21/2 cos (wy o t + g + 8 y) to its first mixer.

Description of the received signal as it passes through re-
ceiving system 1 was presented in Ref. 1. At the output of
second IF filter F,, (which is narrow band relative to the
sidebands) the signal becomes:

K, Kpsr .

. 21/2141 cosm
1

¢ COS t

pD [“’REF2

-~

+(0FA10 - BRF)] +nFAlo(t) )

where 64, , represents the RF phase shift up to this point in
system 1 and ng4 , o(¢) represents the amplified receiver noise
related to T,p,, in the noise bandwidth of F,,. Note that
since the gain from (5) in Fig. 1 to the AGC detector is
constant at Kjpnq,,, (minus the summing junction loss), the
attenuator (Atten,) at the input to the second IF amplifier in
receiving system 1 provides a means for setting the signal level
to provide the required output level for the telemetry subcar-
rier spectrum in receiving system 1 when RF carrier arraying
with receiving system 2, etc. This attenuator setting (Atten,)
also establishes the proper level for the ranging spectrum at the
output of the second IF distribution amplifier in receiving
system 1 for ranging demodulation (not shown).

Description of the received signal as it passes through re-
ceiving system 2 was also presented in Ref. 1. Note that the
receiving systems considered here are similar so that the signal-
to-noise ratio at the output of the first IF amplifier (with gain
K,-pv2) in receiving system 2 is nearly equal to that at the
corresponding point in receiving system 1. (The concept devel-
oped herein however, can be applied to arraying receiving
systems where the signal-to-noise ratios are not equal.) The
second local oscillator signal in receiving system 2 is derived



from a voltage-controlled crystal oscillator (VCO,) through a
frequency multiplier (XQ). From inspection of Fig. 1, the
frequency VCO, XQ is equal to (wgrgr,!) although its phase
is modified by differences in carrier phase as pointed out in
the discussion relative to expression (2) plus any differences in
carrier phase relative to receiving system 1 up to this point in
system 2. The second local oscillator signal can be expressed as

1/2 _3
244 ¢cos (wREFlt 61,02) (6)

where §L02 represents the estimate of the RF carrier input
phase to the lower second mixer (receiving system 2). The
phase estimate §L02 is derived from a phase locked loop
whose closed loop noise bandwidth is a small fraction of the
closed loop noise bandwidth of the RF carsier phase tracking
loop in receiving system 1 which provides the ﬁrst local oscilla-
tor signal. Hence the noise on phase estimate g Lo, is much
less than that on § g F (first local oscillator signal). Note that if
the carrier signal-to-noise ratio in receiving system 2 were
significantly less than that in receiving system 1, this effect
could be offset by making the closed loop noise bandwidth in
receiving system 2 a still smaller fraction of that in receiving
system 1.

Although the noise on phase estimate 8§ L0, is much less
than that on fg F] the effect of the noise on phase estimates
91,02, 91,03, .. ()LON is cumulative (in an rms sense) in the
summing junction when arraying many receiving systems. This
cumulative phase noise effect is kept small relative to the
phase noise on ) rr (the first local oscillator) by including an
additional second mixer (upper mixer) shown in receiving
system 2 with the second local oscillator fed to this additional
second mixer through a narrow-band phase locked local oscil-
lator tracking loop. The phase noise on the output of the local
oscillator tracking loop §L02 is small compared to the phase
noise at its input. Consequently, the second local oscillator
signal fed to the additional (upper) second mixer becomes

1/2 _ 7
2 cos(wREFlt 6L02) (7

Receiving system 2 shows two second IF distribution ampli-
fiers (see Fig. 1). The upper IF distribution amplifier accepts
the output of the upper second mixer (described above) and in
turn provides its output signal to the upper IF filter F 4, (and
to the telemetry IF channel) in receiving system 2.

Note that the additional filtering of phase estimate §L02
and the additional (upper) second mixer, IF distribution amp-
lifier and IF filter F4, described in the preceding paragraph
represent additions to Fig. 1 relative to Ref. 1. These additions
to receiving systems 2 through N provide the near maximum

signal-to-noise ratio improvement for RF carrier arraying pres-
ented in this report.

The upper and lower second IF filter F 4, in receiving
system 2 have the same noise bandwidth as IF filter £ 4, in
receiving system 1 (by design). The signal at the output of the
upper IF filter F,q, (with gain K4 ,) can be expressed as

K, - KDIST2

. 91/2 .
, 2 AzcosmpD cos [wREFZt

) (gRF- 5'02)>] +nFA20 ® ®)

¥ (BFA20

where 04 ,, represents the RF phase shift up to this point in
system 2 and ng 4, (¢) represents the amplified receiver noise
in the noise bandwidth of F4, at the operating equivalent
system noise temperature T, ,. This signal is provided as an
input to the summing junction (see Fig. 1). The signal at the
output of the lower IF filter F4 , is the same as expression (8),
with 8 L0, replaced by 8 L0,»> Which has higher phase noise as
discussed in the preceding paragraph. Note that the phase shift
from the output of the upper IF filter F4, (expression 8) in
Fig. 1 to the phase detector which provides the error signal to
the tracking filter (receiving system 2) is a constant by design.
Consequently the phase shifter marked 4, which is in series
with the input (wg EF2) in receiving system 2 provides a
means for setting the RF phase of expression (8) equal to the
RF phase of expression (5) in receiving system 1 at the sum-
ming junction. The second IF amplifier gain K, ,4 12 1S de-
signed so that the signal level (K4 ,Kp s, 2!/24,) can be
set as required relative to the signal level (K 4, K DIST) *
21/24 ) in receiving system 1 at the input to the summing
junction.

lll. Predetection Signal-to-Noise Ratio and
Resultant Phase Noise

As developed in Ref. 1, with the other receiving system(s)
(2 through N) switched out of the summing junction, the
predetection carrier signal-to-noise power ratio in receiving
system 1 represented by expression (5) is

A12 cosszD Pc1
P [P = or ©)
c,’'n NBW. N NBW *N
vt Fa ' % Fay 00

where NBWg , , represents the noise bandwidth of F 4, and
Ny, is the one-sided noise spectral density for receiving system
I which was defined in the discussion relative to expression
(1). The receiving system contains a second-order RF carrier
phase tracking loop which utilizes a bandpass limiter and a
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sinusoidal phase detector. Utilizing the information in Refs. 2
and 3 and limiting o,, < radian, the rms phase noise o4, at
the output of the RF carrier tracking loop (i.e., on the first
local oscillator signal) can be expressed as:

ra.dians, rms (10)

where 2By, is the two-sided closed loop noise bandwidth of
the RF carrier phase tracking loop. As described in Ref. 1,

ZBLOI. .
2B, = ——— 1+ (r,—
Ly rytl 0a01>

where 7, = 2 by design (0.707 damping) and 2B ¢, is the
design point (threshold) two-sided closed loop noise band-
width in receiving system 1. The term « is the limiter suppres-
sion factor resulting from the noise power to carrier power
ratio in NBWg ,,, o, has a value of ay; at design point
(threshold). At threshold, the predetection carrier signal-to-
noise ratio in a noise bandwidth equal to the threshold closed
loop noise bandwidth (2B, ,) is unity (ie., P /2B, *
Ny=1).

With receiving system 2 connected to the summing junc-
tion, the summed predetection carrier signal-to-noise ratio in
receiving system 1 (as developed in Ref. 1) becomes:

‘1x1,2 Pcl a +3272)2
P ) =NBw N ) 2 an
"ix1,2 Fae 70 1+

where f, is the voltage coupling of receiving system 2 relative
to receiving system 1 into the summing junction and v3 is the
carrier power-to-noise spectral density of the receiving sys-
tem 2 relative to the receiving system 1. The resultant phase
noise on the first local oscillator due to this summed predetec-
tion carrier signal-to-noise ratio is (Ref. 1)
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NO Pcl n2
1 1+ -
0 s, | R F,
®n1z1,2 Pcl n, P"I *n,
0.862 +
NBwﬂx .%l
L
1 12
Nox BLI
exp -
Pcl 772
Ny, BL1>
sinh| ———
Pe, M2 (12)

where 1, = (1 + B,7,)?/(1 + B3) for two receiving systems

arrayed. The corresponding ap,, v, ~  , for NV similar
receiving systems arrayed become ’ ’
No 1+ Pcl ) nN
1
——* 2B NBW, N,
. 2 TR Fa %
®a1z1, ..., N P"l ny P”l Ny
+
0.862 NBW, N
A1 1
L
N, B, \|'/?
exp |1
P Pc1 ’ nN
f — (13)
sinh Nol ) BLl
Pcl ) nN i

where iy = 1+ By, t--- %t BN')’N)z/(l + B% oot B]&) for
N receiving systems arrayed.

Up to this point, first local oscillator phase noise due to
predetection carrier signal-to-noise ratio in receiving system 1
has been examined. However, phase noise on the first local
oscillator is due not only to the predetection carrier signal-to-
noise ratio as described above; it also includes the local oscilla-
tor (VCO, XQ) phase noise from receiving system 2 which is
coupled through the summing junction into the phase locked
loop in receiving system 1 (Ref. 1). The rms phase noise o, n2
on phase estimate 0., is derived with a two-sided closed
loop noise bandwidth 2By , in receiving system 2 (see expres-
sion 17 below). The additional filtering provided by the local
oscillator tracking loop in receiving system 2, described rela-
tive to expression (7) above, reduces the rms phase noise oy, ,



to a value oé,nz. This output rms phase noise o,},nz is less than
0s,, by the square root of the ratio of the local oscillator
tracking loop noise bandwidth to 2B;,. Consequently the
total rms phase noise on the first local oscillator (Ref. 1)

’ 211/2
Byo, , /
o2 " (14)
15,2 146,

is essentially equal to o;n P From inspection of expres-
sions (11) and (12), the improvement in carrier signal-to-noise
ratio for two receiving systems arrayed approaches (1 +
B,7,)2/(1+8,2). Note that for N receiving systems arrayed,
the total rms phase noise on the first local oscillator is

! 2 11/2
8,0, /
2 n2
o +l—] +---+
p1z1, - N 1+8,

By O,
Nd)nN
1+BN

(15)

The total rms phase noise represented by expression (15) can
be considered as due to an equivalent predetection carrier
signal-to-noise ratio for NV receiving systems arrayed. To the
extent that expression (15) is essentially equal to r——
D the improvement in carrier signal-to-noise ratio
approaches (1 +8,7,+ -« + BN7N)2/(1 + ﬁ% toet BNZ)' In
any case, comparison of this equivalent predetection carrier
signal-to-noise ratio with the initial predetection carrier signal-
to-noise ratio in a single receiving system (i.e., system 1) pro-
vides the improvement due to radio frequency carrier arraying
for NV receiving systems.

As developed in Ref. 1, the predetection carrier signal-to-
noise power ratio in receiving system 2 represented by expres-
sion (8) is:

2 2
) nlxi1,2
PCZ)_‘,I,2 A2 cos“m_ 1 >
P - NBW N
"y Fgo 0y
or
2
o2
P - ®niz1,2
czNBW 2N (16)
Faa 9

The carrier tracking loop in receiving system 2 is a second-
order loop (ry = 2) which also utilizes a bandpass limiter and a
sinusoidal phase detector. The rms phase noise Opna in receiv-
ing system 2 carrier tracking loop becomes

N02
= 2B,
®n2£12 P,
2%1,2
- ~1/2
P N B
€2151,2 0, 7L,
1+ exp
NBWF 'No PC
A2 2 251,2
N, B
€1%1,2 0,7L,
0.862 + N inh 7
TFu 0 2z1,2
L -l
radians, rms (17)
where
2
2
o
Puizi,2
P =p 1-
2512 ) 2

for two receiving systems arrayed.

For N receiving systems arrayed, the predetection carrier
signal-to-noise power ratio in receiving system 2 becomes

2

2

o

On1zi, N
P P, \1-
€2E1,N 2 2
P ) NBW_ N (1)
"2 Faa 0

and the corresponding Opnax ... CaN be determined by

sgbstltution of P, N in tf.1e plAace ochz?: 1,2 In expres-
sion (17). The predetection carrier signal-to-noise power ratio

in receiving system N becomes

2
o
p1z 1, N
P -
°NZ1, N N 2
P B NBW N (19)
"y Fanv O
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The resultant rms phase noise Oppn in receiving system N
carrier tracking loop is

-

N -B 1/2

radians, rms (20)

IV. Performance

The improvement in carrier signal-to-noise ratio resulting
* from arraying receiving systems as shown in Fig. 1 can be
determined using the preceding development. In order to illus-
trate performance improvement, a representative set of design
parameters are used to provide the performance shown in
Figs. 2 and 3. The following parameters are used for receiving
system 1:

Threshold two-sided noise bandwidth (2B ¢ ,) = 12 Hz.

Predetection IF filter noise bandwidth (NBWg Al)=
2200 Hz.

The parameters used for receiving system 2 through N are:

Threshold two-sided noise bandwidth (2BLo, ... )=
1 Hz. C

Predetection IF filter noise bandwidth (NBWg ,, .. )=

2200 Hz.

Local oscillator tracking loop two-sided noise bandwidth =
0.1 Hz. ‘

It is interesting to note that essentially the same performance
as shown in Figs. 2 and 3 is obtained with 28L02’. SN equal
to 0.1 Hz (and local oscillator tracking loop bandwidth equal
to 0.1 Hz).

Figure 2 shows the near maximum RF carrier signal-to-noise
ratio improvement which results from arraying up to 12 simi-
lar receiving systems. Performance is shown for v, = g, for
values of 1.0, 0.95, 0.90, and 0.84, where yy and @y are
defined in the preceding development and on Fig. 2. Note
that for 10 receiving systems arrayed, the improvement in
carrier signal-to-noise ratio for yy =8y = 1 is 9.6 dB com-
pared to maximum improvement which is

A8y, + 4 B,07,0)

YRR

2
(= 10) or 10 dB,

Figure 3 shows the effect of varying 8, the voltage coupling
of receiving system N into the summing junction relative to
receiving system 1, on carrier signal-to-noise ratio improve-
ment for 2, 3, 4, and 10 systems arrayed. Note that voltage
coupling can vary considerably with a small resultant change in
performance.
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Fig. 2. Near maximum carrier signal-to-noise ratio improvement
for radio frequency carrier arraying for reception vs number of
receiving systems
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